The self-association of proteins into insoluble filamentous aggregates -amyloid fibrils -is associated with a range of protein deposition disorders. With the aim of developing fluorescent probes sensitive to amyloid aggregates, a new series of derivatives of (2Z,5Z,7E)-6-hydroxy-2-(alkylamino)-8-arylocta-2,5,7-trien-4-one dyes was synthesized. These dyes are less sensitive to native amyloidogenic proteins, such as insulin or lysozyme, while they have the ability to exhibit a pronounced fluorescence response in the presence of amyloid fibrils of these proteins depending on the structure of the dye tail groups. The dyes associated with the fibrils show green-yellow emission (495-540 nm) and rather large Stokes shift values (68-125 nm). Upon binding to the fibrils, the fluorescence quantum yields of the dyes could increase by a hundred times up to 0.18-0.47, and the fluorescence intensity decay time strongly enhances up to 0.9-1.3 ns. These features make ketoenoles attractive as probes for the detection of amyloid fibrils; besides, the efficiency of these dyes for real-time monitoring of the kinetics of protein aggregation is shown. The best sensing properties were shown by dyes 2 and 9 bearing short amino tail groups (correspondingly 2-methoxyethyl and 2-hydroxyethyl) and a 4-substituted phenyl moiety at the other end of the ketoenole backbone.
Introduction
Amyloid fibrils are insoluble protein aggregates that can be formed by different proteins and polypeptides but share a common structure -they consist of b-pleated filaments twisted together. 1 Amyloid aggregation is associated with a range of protein deposition disorders; 2 the reduction of the amount of such aggregates is one of the strategies for developing drugs against neurodegenerative disorders and amyloidoses. Besides their role in pathological processes, amyloid fibrils fulfill important biological functions in cells. 3, 4 For example, curli fibrils 5 have adhesive properties and are involved in the formation of E. coli biofilms. Functional amyloids are involved in melanin synthesis in mammalian melanosomes 6 and human peptide hormone storage. 7 In addition, amyloid fibrils are widely studied as templates or building blocks 8 in bionanomaterials science as components of biomembranes, 9 biosensors, 10 and hydrogels for cell culture and for drug delivery.
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A range of methods, in particular, circular dichroism spectroscopy, X-ray diffraction, and atomic force microscopy, 12-14 are used to monitor the self-aggregation of proteins into fibrils. Besides, amyloid aggregation can be detected by fluorescencebased methods, using dyes sensitive to beta-pleated motifs. 3 These dyes are simple and inexpensive tools for the prompt detection of fibrils, real-time monitoring of amyloid aggregation kinetics and they are applied in the search for aggregation inhibitors. For visualization of intracellular and intercellular amyloid inclusions (for example, neurofibrillary tangles and senile plaques), fluorescence microscopy is used. 15, 16 Several classes of fluorescent compounds, for instance, naphthalenes, 17 oligothiophenes, 18 and curcumin derivatives, 19 were shown to provide a response upon interaction with fibrils and thus could be useful for fibril detection. Previously, we have reported mono and trimethine cyanine dyes 20, 21 as highly efficient amyloid-sensitive probes, which exhibit a strong fluorescent response upon binding to fibrils. Besides, styrylpyridinium dyes 22 have also shown the ability to fluorescently sense insulin amyloid fibrils. The commonly used dye for the detection and visualization of amyloid aggregates is Thioflavin T, a derivative of the N-methylated benzothiazolium ion. 23 The fluorescence emission of the Thioflavin T dye is used for monitoring the fibrillation kinetics and in the study of the prevention of amyloid formation by anti-amyloidogenic compounds. 24 Another widely known amyloid-sensitive dye, Congo Red, has been used for the detection and visualization of amyloid fibrils in histological specimen materials, for example, histological sections showing apple-green birefringence in polarized light. 25 Recently, we have discovered b-ketoenoles as a new class of dyes possessing fluorescence sensitivity to amyloid fibrils. 26 These compounds are able to increase their fluorescence intensity by dozens of times upon interaction with fibrillar proteins while demonstrating a relatively weak response in the presence of native ones. They bind to fibrils with high binding constant values of about 2 Â 10 5 M À1 . Among the advantages of these compounds, the large Stokes shift values (about 100 nm or more) should be mentioned. It was shown that variation of the aminoalkyl substituent in the b-ketoenole molecule could strongly affect its amyloid sensing abilities. 26 Herein, we report a new series of (2Z,5Z,7E)-6-hydroxy-2-(alkylamino)-8-arylocta-2,5,7-trien-4-one dyes with variations of tail amino substituents and aryl moieties (Scheme 1) and study them as fluorescent sensors for amyloid fibrils of proteins. The spectral-luminescent properties of the compounds as well as those in the presence of the proteins insulin and lysozyme in the native and fibrillar form are characterized. The relation between the chemical nature of the substituents in the dye molecule and efficiency of its sensing properties is analyzed. The obtained results suggest that the designed ketoenole derivatives are efficient tools for the detection of amyloid fibrils and the study of protein aggregation.
Materials and methods
Synthesis and characterization of the dyes
General procedure. (E)-4-Hydroxy-6-methyl-3-(3-arylacryloyl)-2H-pyran-2-one (5 mmol) was added to 5 ml of dimethylformamide (DMF) and the mixture was heated to 130 1C. A small excess amount (5.5 mmol) of the respective aliphatic amine was added to this solution and left for 3-5 min until the release of carbon dioxide ceased. A change in the color of the reaction mixture from yellow to red was observed. After cooling, the reaction mixture was precipitated with water (15 ml). The resulting solid was filtered, washed with water (3 Â 10 ml) and crystallized from EtOH or a DMF-EtOH mixture (7 : 3 vol : vol). The crystals were collected by vacuum filtration and washed with EtOH (2 Â 10 ml) and water (2 Â 10 ml), and dried. The crystals of compounds 3 and 5 obtained in this way were suitable for X-ray studies (Scheme 2).
Molecular structures were confirmed by means of 1 H NMR spectroscopy, elemental analysis, and (for compounds 3 and 5) X-ray diffractometry. X-ray analysis. 3. (2E,5Z,7E)-6-Hydroxy-2-(2-methoxyethylamino)-8-phenylocta-2,5,7-trien-4-one. A suitable crystal (0.16 Â 0.15 Â 0.08 mm) was selected and mounted on a MITIGEN holder on a SuperNova Atlas diffractometer equipped with an Oxford Cryosystems CryoStream 700 low-temperature apparatus. During data collection, the crystal was kept at T = 123 K. Data were collected using CuKa radiation. Cell parameters were retrieved and refined using CrysAlisPro software (Agilent Technologies UK Ltd) on 7013 reflections, 42% of the observed reflections. Data reduction was performed using the CrysAlisPro software (Agilent Technologies UK Ltd), which corrects for Lorentz polarisation. The final completeness is 100.00 out to 73.410 in Y. The absorption coefficient (m) of this material is 0.662 and the minimum and maximum transmissions are 0.980 and 0.991. The structure was solved in the space group P2 1 2 1 2 1 (No. 19) using the OLEX2 computer program 27 and refined by least squares using ShelXL. 28 All non-hydrogen atoms were refined anisotropically. The hydrogen atom positions were calculated geometrically and refined using the riding model. Crystal data. Further crystal and refinement data are provided in Table 1 .
A suitable crystal (0.20 Â 0.16 Â 0.08 mm) was selected and mounted on a MITIGEN holder on a SuperNova Atlas diffractometer equipped with an Oxford Cryosystems CryoStream 700 low-temperature apparatus. During data collection, the crystal was kept at T = 123 K. Data were collected using CuKa radiation. Cell parameters were retrieved and refined using CrysAlisPro (Agilent) on 32 994 reflections, 38% of the observed reflections. Data reduction was performed using the CrysAlisPro software (Agilent Technologies UK Ltd), which corrects for Lorentz polarisation. The final completeness is 100.00 out to 73.556 in Y. The absorption coefficient (m) of this material is 0.647 at this wavelength (l = 1.54184) and the minimum and maximum transmissions are 0.989 and 0.995.
The structure was solved in the space group P2 1 /n (No. 14) by Intrinsic Phasing using the ShelXT structure solution program and refined by least squares using version 2014/7 of ShelXL. All non-hydrogen atoms were refined anisotropically. The hydrogen atom positions were calculated geometrically and refined using the riding model. unique (R int = 0.0409), which were used in all calculations. The final wR 2 was 0.0961 (all data) and R 1 was 0.0345 (I 4 2(I)).
Further crystal and refinement data are provided in Table 1 . The crystallographic data for compounds 3 and 5 have been deposited at the Cambridge Crystallographic Data Centre (CCDC) with deposition numbers 1580057 (3) and 1580058 (5), respectively. †
Insulin and lysozyme fibril preparation
Human insulin (Sigma-Aldrich) was dissolved at 340 mM (2 mg ml À1 ) concentration in a 0.1 M water solution of HCl (pH 2). Fibrils were formed by incubating the insulin solution View Article Online in a thermo-mixer incubator at 65 1C for 5 h. Hen egg lysozyme (Sigma-Aldrich) was dissolved at 1 mM (14.5 mg ml À1 ) concentration in a 0.1 M water solution of HCl (pH 2). Fibrillar aggregates were formed by incubating the protein solution in a thermo-mixer incubator at 65 1C for about 24 h. The 7519 dye fluorescence assay was used to monitor amyloid aggregation. The presence and the shape of aggregates were confirmed by scanning electron microscopy.
Preparation of dye solutions
Stock solutions of dyes were obtained by dissolving the dyes at 2 mM concentration in DMSO. Working solutions of free dyes were prepared by diluting dye stock solutions in 50 mM Tris-HCl buffer (pH 7.9) to a concentration of 2 mM. The working solutions of the dyes in the presence of native or fibrillar proteins were prepared by adding an aliquot of the dye stock solution and an aliquot of the native or fibrillar protein solution into 50 mM Tris-HCl buffer (pH 7.9).
Spectral measurements
Absorption spectra were recorded on a Cary 300 BIO UV-Vis spectrophotometer at a dye concentration of 10 mM in DMSO and in 50 mM Tris-HCl buffer (pH 7.9). Fluorescence excitation and emission spectra were recorded on a Cary Eclipse fluorescence spectrophotometer (Varian); concentrations of the dye, insulin and lysozyme were 2, 3.4 and 8 mM, respectively. The wavelength of the fluorescence excitation was set to be equal to the wavelength of the maximum of the fluorescence excitation band of the dye in the corresponding solution. The excitation and emission slit size was maintained at 5 nm during all the measurements using a Cary Eclipse system. All spectral measurements were performed in standard quartz cuvettes (1 Â 1 cm) at room temperature. The emission quantum yields for dyes bound to insulin fibrils were determined directly using a Hamamatsu photonic multichannel analyser C10027 equipped with a Spectralon s integrating sphere. Since the sphere cannot measure precisely the values of quantum yield below 2%, we have also determined the quantum yield values of the four free dyes (2 mM) with the help of a Fluorolog C9920-02 system by a relative method using Coumarin 307 solution in methanol as the reference (quantum yield value 0. 92 29 ). All measurements were performed at ambient temperature.
Time-resolved fluorescence
The time-resolved measurements of b-ketoenole dye fluorescence in complexes with fibrillar insulin and lysozyme were made using a home-built setup, consisting of a PicoQuant pulsed diode laser, a Digikröm CM112 monochromator working in the subtractive mode, a Hamamatsu 3809 MCP photomultiplier, and a Becker&Hickl SPC-830 time-correlated single-photoncounting module. Excitation was performed at 375 nm. The concentrations used were 20, 8.5 and 20 mM for dye, insulin and lysozyme, respectively, and 50 mM Tris-HCl buffer (pH 7.9) was used as the solvent. Measurements were performed in fluorescence quartz cells (1 Â 1 cm) at room temperature. The average lifetime values (t AVE ; intensity averaged) of the dye/amyloid fibril complexes were calculated using the equation
; fluorescence lifetimes (t 1 , t 2 ) and their amplitudes (A 1 , A 2 ) were obtained by fitting the fluorescence intensity decays of the dye in the presence of fibrillar proteins to the minimum number of exponential terms that produced randomly distributed residuals.
The fluorescence intensity decay time (t) and the radiative excited state lifetime (t r ) of the free dye were calculated for four selected dyes from the QY of the free dye (QY free ) and the dye in the presence of the fibrils (QY bound ) as well as t AVE (see above) under an assumption that t r does not change noticeably in the presence of fibrils according to t = t AVE Â (QY free /QY bound ) and t r = t AVE /QY bound .
Evaluation of aggregation kinetics
The reaction of insulin fibrillation was performed as described above. Aliquots of the reaction mixture were withdrawn from each tube at about 90, 150, 240 and 300 minutes after the reaction was started and added to the 2 mM solution in 50 mM Tris-HCl buffer (pH 7.9) of amyloid sensitive dye Thioflavin T (used as the reference dye) and the investigated b-ketoenole dye 2.
Results and discussion
Syntheses and molecular structures b-Ketoenoles presented here were obtained by a two-step procedure (Scheme 1). In the first step, the corresponding (E)-4-hydroxy-6-methyl-3-(3-arylacryloyl)-2H-pyran-2-one derivatives were obtained by condensation of dehydroacetic acid with aromatic aldehydes, as described in ref. 30 (Scheme 1, intermediate A) . In the second step, reaction of these intermediates with aliphatic amines resulted in the opening of the pyran ring, decarboxylation and formation of (2Z,5Z,7E)-6-hydroxy-2-(alkylamino)-8-arylocta-2,5,7-trien-4-one dyes (Scheme 1, compound B). The mechanism of this reaction was studied in detail in ref. 30 and 31 . In this work, we proposed a modification to our earlier used synthetic protocol. 26 It was shown that an increase of the reagent concentration, the temperature of the reaction mixture and the shortening of the reaction time leads to higher yields of the target products. Compounds 3 and 5 crystallize as yellow plates in the monoclinic crystal system (space group P2 1 /n). Molecules of 3 and 5 display a planar arrangement of the polyene chain of the ketoenol fragment conjugated with the aromatic ring at position 8, phenyl and propoxyphenyl in 3 and 5, respectively (Fig. 1) . The planar configuration of the ketoenole group is further stabilized by H-bonds between the 6-hydroxy and 4-keto functions. Similarly, H-bonding interactions between the 2-amino and 4-keto groups are present.
Fluorescence properties of dyes in the presence of native and fibrillar proteins
To examine the fluorescence sensitivity of the novel dyes towards protein fibrils, the fluorescence emission and excitation spectra were measured for the free dyes in buffer and after the addition of native or fibrillar insulin and lysozyme. The main characteristics of the fluorescence spectra are presented in Table 2 , and the spectra of dye 2 are shown in Fig. 2 . The emission spectra were recorded upon excitation at the maxima of the excitation spectra.
Free dyes display very low fluorescence intensity with the emission maxima in the range of 496-535 nm. Values of the shift between the excitation and emission maxima are large (from 86 nm for 6 to 140 nm for 1), which is typical for b-ketoenoles and is in agreement with previously reported results. 26 Addition of native insulin (globular protein that mostly contains alpha-helical motifs in its structure) causes minor changes in the excitation and emission spectra. The emission maxima shift unessentially to the long-or short-wavelength region by up to 15 nm ( Table 2 ). The emission intensity is almost unaffected. For most compounds and Thioflavin T, the fluorescence quantum yield of both free dyes (buffer solution) and dyes in solutions containing native insulin is very small (less than 2%). Only for compounds 1, 4, 5, and 6 did the measured quantum yield exceed the threshold of our quantum yield measurement setup, being ca. 2%, which amounted to 8.5%, 3.6%, 2.7%, and 3.7%, respectively (ESI, † Table S1 ).
The fluorescence characteristics of the studied b-ketoenoles in the presence of fibrillar insulin (I F ) are presented in Table 2 . The addition of b-ketoenoles to these protein aggregates resulted in a strong increase of dye fluorescence intensity as compared to that in buffer solutions (I 0 ) and solutions containing native protein (I N ). The most prominent increase (the value of I F /I 0 ratio equal to 295) is observed for dye 9, which bears a 2-hydroxyethylamino tail group and a para-substituted phenyl moiety. The essential enhancement of the fluorescence intensity in the presence of fibrillar insulin also took place for dye 2 bearing a 2-methoxyethylamino tail group and a para-substituted phenyl moiety, for the dyes 4 and 7 with alkylamino tail groups on one end and 5-benzo[d] [1, 3] dioxole on the other end of the molecule, as well as for dye 10. The values of I F /I 0 ratio for dyes 2, 4, 7, and 10 are equal to 55, 66, 45 and 95 respectively, which is comparable with or higher than the corresponding value for Thioflavin T (I F /I 0 = 55). Besides, dye 2 also shows the highest value of emission intensity in the presence of fibrillar insulin (Table 2) . For the dyes with para-substituted phenyl moieties (6 and 8), the fluorescence intensity increase is less pronounced and is equal to about 25 for both compounds, when referred to the respective buffer solutions (Table 2) .
It is remarked that the dye-fibril complexes of compounds 2 and 9 show very high fluorescence quantum yields of 0.47 and 0.38, respectively, which are higher than the quantum yields found for any other b-ketoenole analogues so far. 26 The quantum yield values of the studied ketoenole dyes bound to fibrils were comparable with or higher (up to more than two times for dye 2) than those of Thioflavin T (measured as 20%). The fluorescence quantum yield of Thioflavin T incorporated into fibrils was reported to be 43%. 32 A small deviation of the QY by a factor of two as reported in the cited work and as measured by us may be explained by distinct inhomogeneity and the difference in the structure of the fibril populations. It should be mentioned that the measured quantum yield values might be slightly underestimated due to absorption by the unbound dye form still present in solution. Fig. 1 Perspective drawings of molecules 3 (top) and 5 (bottom) obtained from X-ray diffraction studies. Thermal ellipses are shown at 50% probability. l em -maximum of emission spectrum. l ex -lowest energy maximum of excitation spectrum. I 0 , I N , I F -emission intensity measured at l em upon excitation at l ex in buffer solution without protein, in the presence of native insulin, and in the presence of fibrillar insulin, respectively. QY -fluorescence quantum yield.
For each compound, the Stokes shifts determined from the emission and excitation spectrum maxima are significantly smaller in the presence of fibrillar insulin than for the free dye buffer solution (68-125 nm vs. 86-140 nm respectively). This difference along with the distinctly higher emission quantum yields indicates the greater rigidity of the sites occupied by dye molecules in the fibrillar protein as compared to the solution and the closest environment of the dye in the presence of non-fibrillar proteins. At the same time, these Stokes shifts are still large enough from the point of view of the convenient use of the dyes as fluorescent probes. It should be mentioned that the Stokes shift value of Thioflavin T decreases from 82 to 38 nm upon the addition of insulin fibrils, which is much less as compared to the studied dyes.
For dyes 2, 8, 9 and Thioflavin T that show a high increase of emission intensity in the presence of fibrillar insulin, the sensitivity towards fibrils formed by another amyloidogenic protein lysozyme was studied. To evaluate the impact of the substituent in the phenyl moiety on the amyloid-sensitive properties of the dye, compound 3 that is a structural analogue of highly efficient dye 2, with a non-substituted phenyl group, was also characterized with fibrillar lysozyme.
Based on a model of the ketoenoles binding to fibrils, the placement of the dye molecule into the groove formed by the beta-pleated sheets of the protein was assumed. 26 At the same time, amyloid fibrils formed by insulin and lysozyme have a distinct morphology. Lysozyme consists of a single polypeptide chain, which is involved in the fibril core formation, while insulin chain A is suggested to be located at the outer surface of the fibril and involved in lateral aggregation. 33, 34 Thus, comparing the sensitivity of the dyes to the fibrils with a difference in the structure of beta-pleated motifs will allow estimating the ''versatility'' of b-ketoenoles as amyloid-sensitive probes. The studied dyes have close positions of excitation and emission maxima and the same shape of spectra in the presence of both fibrillar proteins. The fluorescence responses of b-ketoenole dyes 2 and 8 to fibrillar insulin are higher as compared to those of fibrillar lysozyme (Fig. 3) for the used concentrations, while for the dyes 3 and 9, they are about equal. The most pronounced fluorescence response in the presence of fibrillar lysozyme is shown by the dye 9; though this dye also demonstrates the highest response to native lysozyme.
b-Ketoenole dye molecules exhibit long fragments containing conjugated double bonds that render a planar shape of the molecules (Fig. 1) . Thus, intercalating interactions with nucleic acids can be expected. However, b-ketoenoles possess no response to the presence of DNA (our data show that the emission intensity of dye 2 in the presence of 60 mM b.p. of salmon tastes dsDNA equals the emission intensity of free dye; separate work will be published containing these data). This could be explained by their low affinity to nucleic acids due to the neutral charge of the dye molecules, since nucleic acids strongly prefer binding with positively charged molecules. This property does ''increase the selectivity'' of ketoenole dyes to amyloid fibrils and is considered as an advantage of these dyes for histological experiments. Thus, we conclude that the new b-ketoenoles represent potent amyloid fibril probes that exhibit a significant increase of emission intensity amounting to dozens of times when bound to fibrillar proteins and a negligible response to the native proteins and nucleic acids. The emission spectra of these dyes are characterized by large Stokes shifts required for practical use as luminescent probes.
The sensing ability of the dyes towards amyloid fibrils is strongly influenced by terminal groups, both the amino and aromatic moieties. The response is significantly decreased by long aliphatic chains and large aryl groups (dyes 1 and 5) . This is easily explained in the framework of the model of ketoenoles binding with fibrils via noncovalent interactions with the grooves of fibrillar proteins. In this case, the sterically demanding aliphatic and/or aryl tails hinder the interaction due to the unsuitable shape and size of the dye molecules.
Compounds exhibiting electron donating substituents (amino group, ether group, methylendioxy group) at the terminal benzene moiety conjugated with the backbone double bond system show improved amyloid-sensing properties. For these dyes, in the presence of fibrillar proteins, higher relative emission intensity (I F ) and higher emission increase as expressed by the I F /I N ratios (Fig. 3) are observed. This effect can be rationalized in terms of the different dispersive interactions between the dye and aromatic groups of the protein. Electron-rich aromatic groups (i.e. benzenes with electron donating substituents) tend to engage in stronger p-p stacking interactions than electron-deficient moieties.
Absorption characteristics of the studied b-ketoenoles
Characteristics of the UV-Vis absorption spectra of free ketoenoles in DMSO and aqueous buffer (50 mM Tris-HCl, pH 7.9) are presented in Table 3 ; Fig. 4 shows the absorption spectra of dyes 8 and 9 in these solvents. The spectra in aprotic DMSO have broad bands and moderate extinction coefficients of the main maximum in the range of (3.1-4.4) Â 10 4 M À1 cm
À1
. Their maximum wavelengths are in the range of 400-440 nm; for some of the dyes, the minor short-wavelength bands with maxima at 322-334 nm are observed (data not presented). It is suggested that the shape of the spectra and positions of the maxima are influenced by the electron donor properties of substituents in the aryl fragment.
Absorption spectra of the studied dyes in buffer (Table 3 ) contain bands with the main maximum in one of the regions (315-331 nm or 380-407 nm; and minor maximum in the other one) or in both these regions, which might depend on the dye conformation in buffer. The values of molar extinction coefficient of the main bands of the studied dyes in buffer are close to those in DMSO. The highest value of extinction coefficient (about 3.8 Â 10 4 M À1 cm À1 ) is observed for dye 4.
Further, absorption spectra of the dyes with native and fibrillar insulin were obtained. Upon addition of native insulin, the form of the dye spectra does not change (see Fig. 2 for dye 2; for other dyes, data not shown). In the presence of fibrillar insulin, for dyes 2, 3, 4, 6, 7, 8, 9 and 10, an appearance or an increase of the band at 406-430 nm is observed ( Fig. 5 ; ESI, † Table S2 ). The highly effective dye 2 upon addition of the insulin fibrils shifts its absorption band maximum from 406 to 420 nm and increases the band intensity (Fig. 2B) . Such changes could be explained by a dye conformation transition from non-fluorescent unbound form to fluorescent (bound to amyloid fibrils) form. However, such a growth of the longwavelength band is not observed for dye 8, which already has two absorption bands in the free state (314 and 409 nm).
Furthermore, the long-wavelength absorption bands (406-430 nm) are close to the fluorescence excitation bands (417-458 nm) for dyes bound to insulin fibrils. Thus, it could be supposed that the dye-fibril fluorescent complex absorbs in this region (406-430 nm).
Fluorescence decay time of dye-fibril complexes
To characterize the complexes formed by the dyes with fibrils, we measured fluorescence decays for b-ketoenoles 2, 8, 9 (dyes giving strong fluorescence response) and 3 in the presence of insulin and lysozyme fibrils. The decays are not monoexponential and could be adequately fitted with biexponential decay functions with decay times t 1 (short) and t 2 (long), respectively. The numerical data are listed in the Table 4 .
In the presence of fibrillar insulin, the values of t 1 are close for dyes 2 and 8 both containing 4-N,N-dimethylaminophenyl substituents (0.18 and 0.19 ns, respectively); this differs them from the two other dyes with phenyl (3) and 4-propoxyphenyl (9) substituents (t 1 values are 0.48 and 0.43 ns, respectively). At the same time, the values of the long decay time (t 2 ) are close for all for dyes (1.40-1.47 ns). The relative intensity B 1 of the component with the short decay time is smaller than the relative intensity B 2 of the long decay component in the case of all investigated dyes except 9. The value of the average decay time (t AVE ) is near for all four studied dyes (between 0.9 and 1.1 ns).
As for the dyes in the presence of fibrillar lysozyme, generally, the same tendencies are observed. The values of the short component t 1 for dyes 2 and 8 (0.11 and 0.08 ns, respectively) are lower as compared to the t 1 values for dyes 3 and 9 (0.30 and 0.24 ns, respectively), while the values of the long component t 2 are close for all four dyes in the presence of lysozyme fibrils (1.31-1.54 ns). The relative intensity B 1 of the short component is smaller than B 2 for all four investigated dyes. The values of t AVE are between 1.1 and 1.3 ns. The somewhat higher values of average decay time in the case of fibrillar lysozyme as compared to insulin are due to the lower contribution of the short decay component in the former case.
The obtained values of t AVE could be compared with that for Thioflavin T in complex with Ab(1-42) fibrils (up to 0.63 ns). 35 The two-component origin of the fluorescence decay could possibly correspond to two tautomeric forms of the dyes. For related compounds, the existence of a set of tautomeric forms of the ketoenol fragment was established by NMR. 36 Another possible explanation could be the formation of two kinds of dye-fibril complexes with, e.g., different degrees of rigidity of the dye molecule fixated on the fibril. In any case, since all the studied dyes have similar components of the fluorescence decay in the case of both fibrillar proteins, we could suppose that the origin of these components is the same for all dyes.
Since the values of quantum yield for the free dyes 2, 3, 8 and 9 cannot be precisely measured by the sphere, these values were determined by a relative method (see ''Materials and Methods'' section). For the free dyes 2 and 8, the values of QY are about 0.5%, while for dyes 3 and 9, these values are noticeably lower and equal to 0.15% and 0.04%, respectively (Table 5 ). Based on the values of t AVE as well as fluorescence quantum yield of the free dyes and dyes in the presence of fibrillar insulin, the average values of excited state lifetime of free dyes were calculated (Table 5 ) to be of the order of 1.6-18 picoseconds. The lifetime values for the free dyes 2 and 8 (11 and 18 ps, respectively) are much higher as compared to dyes 3 and 9 (1.6 and 3.5 ps, respectively).
In summary, it could be concluded that the presence of fibrillar proteins results in a strong increase in both the fluorescence quantum yield and fluorescence intensity decay time of the studied b-ketoenole dyes.
Monitoring of fibril formation kinetics
The emission changes due to binding with beta-pleated motifs permit us to quantify fibril formation. Thus, compound 2 was used for monitoring the kinetics of amyloid aggregation of proteins.
To estimate the applicability of dye 2 (most efficient as reporter among studied b-ketoenoles) to monitor the kinetics of insulin fibrillation, this dye was applied as a reporter during the aggregation in comparison with Thioflavin T as a reference dye. 37 Two main stages of the aggregation reaction,
i.e. lag-phase (nucleation) and fibril growth, 38 are characteristic of amyloid fibril formation. As shown on the kinetics curves ( Fig. 6A ), both dyes reflect those two stages. The kinetic curve of insulin fibrillation obtained with dye 2 is of a similar shape to that for Thioflavin T but it has a higher intensity of fluorescence signal. Since dye 2 reflects the passing of protein fibrillation with good efficiency, it could be proposed as a tool for monitoring protein aggregation and using in amyloid-fibril inhibitory assay.
Detection range for dye 2
To examine the sensitivity of dye 2 to quantify amyloid formations, we have studied the concentration range of the fibrillar insulin detection using this dye. For this, the titration of 2 mM dye solution with increasing amounts of fibrils was performed. The lower detection limit was determined as two times the increase of fluorescence intensity upon binding to fibrils and the upper limit was estimated as the concentration where fluorescence intensity approached saturation. The fluorescence intensity of dye 2 upon increasing the insulin concentration increases monotonically in the range of 0.8-100 mg ml À1 (Fig. 6B) , which is higher than that for the amyloid-specific dye Thioflavin T (0.5-40 mg ml À1 ).
Conclusions
A series of new functionalized (2Z,5Z,7E)-6-hydroxy-2-(alkylamino)-8-arylocta-2,5,7-trien-4-one compounds was synthesized and studied as probes for fluorescence detection of amyloid aggregates of proteins. The chemical advantages of these dyes are that they are not expensive and the availability of parent compounds together with the cost-effective, rather easy, twostep protocol of their synthesis that does not require the procedure of chromatographic separation. Depending on the nature of the substituents, these dyes could increase their emission intensity up to dozens of times upon the presence of fibrillar aggregates, while being slightly sensitive to native proteins. Both amino tail substituents and the aryl moiety in the dye molecule determine its amyloid-sensing properties. The electron donating substituents in the benzene moiety (amino group, ether group, methylendioxy group) lead to the increase of the amyloid-sensing properties of the dye.
The studied dyes possess green-yellow emission (495-540 nm) and large (68-125 nm) Stokes shift values. For the most effective compound 2 that bears a 2-methoxyethylamino tail group and para-substituted phenyl moiety, the fluorescence quantum yield upon binding to insulin fibrils reaches 47% while for the free dye, this value is about 0.5%.
The quantum yield value of dye 2 complexed with fibrils is shown as twice that of the commonly used dye Thioflavin T; besides, dye 2 possesses a Stokes shift of about 80 nm while for Thioflavin T, this value is about 40 nm. Those factors are suggested as advantages of this ketoenole dye. A wide concentration range of insulin fibril detection (0.8-100 mg ml
À1
) and the applicability for real-time monitoring of the kinetics of fibril formation were shown for this dye. QY -fluorescence quantum yield (measured directly for the dyes in the presence of insulin fibrils and by a relative method for the free dyes; see ''Materials and Methods'' section); t AVE -average decay time of the dye in the presence of insulin fibrils (from Table 4 ); t and t r -fluorescence intensity decay time and radiative excited state lifetime of the free dye calculated from QY of the free dye and dye in the presence of the fibrils as well as t AVE under an assumption that t r does not change noticeably in the presence of fibril. The average values of fluorescence intensity decay time for dyes upon binding to protein fibrils are strongly enhanced and are in the range of 0.9-1.3 ns. The two-component origin of the fluorescence decay is suggested to correspond to two tautomeric forms of the dye or two different mechanisms of dye-fibril binding.
Due to their attractive features, b-ketoenole dyes are considered as prospective fluorescent tools for amyloid fibril detection, the study of protein aggregation and forming a basis for fluorescence amyloid-inhibitory assay. Besides, they are suggested for further study as stains for visualization methods, particularly fluorescence microscopy.
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